have been used to map 50 supernova remnants. Additional specialized software to process the maps has been developed, and Parkes observations have been used to supply short spacing information missing from the maps.
Introduction
To understand the evolution of supernova remnants (SNRs), we require radio maps at relatively high resolution -typically with more than 10 beamwidths in the source diameter; such resolutions, which require synthesis telescopes, are currently available only for SNRs in our galaxy. In the northern hemisphere some excellent recent studies have been made using the VLA. In the south we see a more richly populated portion of the Milky Way with a greater number of SNRs, and this has been a catalyst for SNR research at the Division of Radiophysics. For the past eight years a team from Radiophysics has been mapping SNRs with the two University of Sydney synthesis telescopes: firstly at Fleurs (the-FIRST), then ^ith the i Molonglo instrument (the MOST), and more recently with the upgraded, 23" arc resolution, Fleurs array (the FST).
Optical astronomers recognize two classes of supernova event -the higher-luminosity, short-lived, Type I and the less luminous, more persistent Type II, which are a less homogeneous group. Some time after the outburst, remnants develop very bright radio emission. In our galaxy SNRs have largely been discovered and studied in the radio band, since at radio wave-lengths even distant ones are not subject to the galactic obscuration and absorption which limits their detectability at optical and X-ray wavelengths.
As the resolution of radio telescopes improved it became clear that there were two distinct classes of remnant: the more common shell-type observed as an annular brightness distribution, and the filled-centre or Crab-Nebula-type objects. As examples of the shell-type we have the remnants of Tycho's and Kepler's supernovae, both very complete shells. It is interesting to note that these two were almost certainly Type I events (from estimates of their light curves) whilst it is currently thought that the Crab Nebula outburst of AD 1054 may have been a Type II supernova; present belief is that Type I events produce shell remnants, whilst the more massive Type II supernovae, in at least some instances, may produce filled remnants.
Apart from this obvious morphological difference, the shell sources typically have steeper radio spectral indices (-0.4 to -0.5) than the filled-centre sources (usually flatter than -0.3). Both varieties exhibit significant linear polarization and can also be distinguished from HII regions by their lack of hydrogen recombination lines. In between these two extreme classes we have a third -composite-class which combines a flat-spectrum compact source with a steep-spectrum shell. The source G326.3-1.8 (MSH 15-56) is one example (see below) and is still perhaps the only uncontroversial example of this class.
To further complicate this picture, Helfand and Becker (1985) recently suggested that two sources previously classified as SNRs might represent a new class of object characterized by a partial shell-like component connected, through a narrow jet, to a highluminosity compact source and generally displaying axial symmetry. In our studies we have found other objects similar to their examples, but we believe this is yet another form taken by radio emission from SNRs.
It should not be forgotten that our observations provide only two-dimensional projections of three-dimensional structures. From the work at Fleurs and Molonglo we have considerably increased the number of well-resolved remnants and are attempting to interpret the structures that we see.
The Instruments
The FIRST At the start of these observations in 1977 the 1415 MHz Fleurs array (the FIRST) consisted of sixty-four 5.8-m dishes arranged in a cross with four 13.7-m dishes at the extremities (Christiansen 1973; Milne 1979) . Observations were made over two 8-h periods and many good maps were produced, with resolutions (-48" arc) better than anything previously achievable in the Southern Hemisphqre. Furthermore, declination coverage to the equator Proc. ASA 6(1) 1985 was also available; subsequent VLA maps Have generally confirmed the structural features seen in our early, more northerly, maps. The 1 ° synthesized field was quite well matched to the typically 10' to 30' arc SNR that we were mapping. It is perhaps worth remarking that the Fleurs array is, to the best of our knowledge, the only radio telescope driven by a falling weight.
The MOST
The Molonglo telescope in its present synthesis mode of operation (MOST) has been described by Mills (1981) . Basically it is a cylindrical parabolic reflector, tiltable in the north-south direction and steered east-west by phasing the array of feeds that illuminate the reflector. It operates at 843 MHz. After 12 h of observation one obtains a complete preliminary map of the synthesized field, up to 70' arc in diameter and with a resolution of 43" (east-west) by 43" cosec dec. (north-south).
At Radiophysics we have developed tasks within the AIPS (Astronomical Image Processing System) package to further process the Molonglo maps (Roger et al. 1984) . These comprise routines for: removing the grating rings produced by sources at the edges of the field, removal of horizontal banding,* CLEANing using synthetic beams, weighting and merging adjacent fields and adding low-order spacings. For large remnants, this latter task is necessary to fill in spatial frequency information not acquired at Molonglo, since there is a 43-wavelength gap between the eastern and western halves of the array, resulting in a loss of angular structure > 15' arc. The additional observations are made with the Parkes 64-m telescope, and after appropriate weighting the two maps are added in AIPS.
The FST
Observing has now moved full circle. Once again Fleurs is available, but with two extra 13.7-m antennas, new drive and data-logging systems and a 23 " arc resolution. In the new array the small dishes of the north-south arm are no longer used in the synthesis array; however, there are now four large east-west dishes correlated with the 32 small dishes of the east-west arm and all six large dishes are correlated with one another. The improved Fleurs synthesis telescope (FST) is described in detail elsewhere in this issue (Bunton et al. 1985) .
Observations
To date more than 50 SNRs have been mapped with one or more of the three arrays: 26 with the FIRST array, 36 with the MOST array (12 of these with both telescopes); and although observations started only a few weeks ago, the upgraded Fleurs instrument (FST) has already yielded excellent maps for four galactic fields. A full list of observations is given in Table 1 . All of the FIRST, and six of the MOST, observations have now been published and references are given in the table. In * These bands were due to a subtle hardware problem, and. the last thing the late Alec Little did at Molonglo was to identify and cure this long-standing pr6blem (Mills 1985) .
Figures 1 to 8 we illustrate the observations 'with radio 'pictures' of a few selected remnants; notes on these objects follow.
(i) MOST G296.5 + 10.0 (PKS 1209-51/52) . The large field ( Fig. 1) was assembled from five MOST sub-fields and with the low-order spacings from the Parkes telescope. The symmetry of this source is probably related to its relatively large distance from the galactic plane (~ 200 pc) so that it is expanding in a region of low, and uniform, density. The magnetic field is directed tangentially around the shell (Dickel and Milne 1976 ) and it has been suggested (Roger et al. 1985a ) that the field direction and uniformity have played a major role in the expansion of this remnant.
G315. . This is believed to be the remnant of the supernova of AD 185. The source as seen in Figure 2 appears to have a shell structure with tangential protrusions from the shell; our observations of several other sources suggest that such features are common.
G316.3 + 0.0 (MSH 14-51) (Fig. 3) . This is an interesting shell source with a tail extending to the south. It may be a rather more spectacular example of a protuberance emerging tangential to the shell.
G326. (Fig. 4) . This remnant, as remarked earlier, is the archetype of the composite class of SNR. Limbbrightening reveals the shell nature of the low-level plateau -a region which has the spectrum of a normal shell SNR (-0.4).
There is also a high-luminosity, more compact source within the shell which has a flat spectrum (-0.04) but which is reliably established as being non-thermal from its high percentage of linear polarization.
G327.3 + 0.4 (Kes 27). This is a strange SNR, highly polarized on the north eastern side, where the magnetic field executes a well-defined whorl (Dickel and Milne 1976) . The image shown (Fig. 5) gives the impression of having multiple components in this direction.
G332.2 + 0.2 (Kes 32) (Fig. 6 ). This is one of three distinct shell sources within the same MOST field, and represents a triumph for the grey-scale video display over the contour map in presenting an observation. Only when the image was displayed on the video screen did the jet and plume emerging from the north-eastern side become prominent. The image shown here, obtained by merging maps at different field centres, is seen as a distorted shell with an extension towards the east; a well-collimated jet emerges from the north-east side and spreads to form a plume about one source diameter from the SNR shell. Whilst the spectral index of the shell is that of a normal SNR, the jet has a flat spectrum. Roger et al. (1985b) argue that the jet and plume are associated with Kes 32 and suggest that either: (a) the jet is non-thermal, with a flat electron energy distribution, and is, of necessity, a young feature (in that case the jet velocity must be of the order of 10 000 km s ~ ' to transport the particles, to the observed distances); or (b) it is Caswell et al. (1982) " (1982) " (1981) ii ( 1982) .. ( 198 2 thermal emission from material ionized by the pre-supernova star or shock-ionized following a breakout of the blast wave at a weak point on the shock boundary of the SNR. This latter model requires shock velocities four times the velocity in the shell -a result which the authors view,as unlikely, i G337.3 + 0.95 (Kes 40) to the north, and G336.7+0.5, south. These are seen on the same Molonglo field (Fig. 7) . Both appear as rings -or shells, except that once more we have part of the shell (in G336.7+0.5) projecting tangentially to the roughly circular boundary. Fig. 7: G337 .3 + 1.0 (in the north) and G336.7 + 0.5 (south). The beamwidth in each of these is 43 " in right ascension, by 43" cosec (dec), in declination and a discussion of the features seen is given in the text.
Proc. ASA 6 [V 1985 (ii) FST In April 1985 we were able to commence observations with the upgraded Fleurs array, which gives a synthesized beamwidth of 23" in right ascension and 27" cosec (dec.) in declination.
In an 8-h synthesis one can map a 1 ° field to an r.m.s. noise level of ~ 3 mJy. The sidelobe level of -30% which occurs with straightforward processing can be reduced to ~ 10°7o by modified processing if features are seen with an adequate signalto-noise ratio. Artefacts due to these sidelobes can then be satisfactorily removed by a CLEANing process in the subsequent data reduction provided that the region is not too complex.
The four SNRs that we have observed with the FST are G292.0+1.8 (MSH 11-54), G304.6 + 0.1, G311.5-0.3 and G328.4 + 0.2 . The maps that we have made to date will be improved by further processing, and the following description of the fields is preliminary.
G292. . This is an unusual remnant which has aroused much controversy. The initial FIRST map (Lockhart et al. 1977 ) revealed a centrally concentrated region reminiscent of the Crab Nebula, surrounded by a diffuse plateau. X-ray and optical observations (Tuohy et al. 1982) cast doubt on this apparent likeness, since the fast-moving optical knots of oxygen showed similarities to the intense shell remnant Cas A. The X-ray emission was somewhat enigmatic since, although it showed a rather diffuse plateau enhanced along a central bar, the spectrum exhibited thermal X-ray characteristics rather than the non-thermal characteristics of the Crab Nebula X-rays. It seemed that a possible explanation could be found if improved radio measurements could show limb-brightening of the plateau and thus permit its reclassification as a shell remnant. Our new FST map is shown in Figure 8 shows even more clearly that there is no sharp outer boundary to the remnant and thus little evidence of any prominent shock front. Note the small beam size and the generally smooth distribution over a scale of several beam areas. In fact essentially no new structure shows up with the increased resolution, which is an especially useful result in the case of this particular remnant. The asymmetry of the central peak relative to the outer boundary suggests that there is an active core moving from west to east through the SNR. No pulsar has been detected near this remnant.
G304.6 + 0.1. This shows just a hint of shell structure (with diameter ~6'.5 arc) in Kesteven's 408 MHz Molonglo survey (Kesteven 1968 ). Our preliminary FST map (not shown) not only confirms this basic structure but reveals interesting departures from circular symmetry suggestive of a collision with a dense interstellar cloud.
G311.5-0.3. This is a small-diameter source close to an HII region. The full field of our observation is shown in an accompanying paper in this issue by Bunton et al. (1985) . The overall region is a crowded portion of the galactic plane and further processing will be required to minimize distortion of the SNR image by artefacts from strong sources at the edge of the field. Only the slightest hint of a shell was apparent on the early FIRST map (Retallack 1980) , whereas our new FST map clearly shows limb-brightening and we can confidently now assign the remnant to the shell class of SNR.
G328.4 + 0.2 . This is a fairly flat-spectrum, bright source of about 5' arc diameter, and our FIRST map (Caswell et al. 1980 ) displayed a steady fall-off in brightness from the centre to the periphery of the source. The new FST map (not shown here), observed with a beam area one-third that of the FIRST, is very similar to the FIRST map and shows only slight departures from a smooth distribution. The peak apparent brightness occurs very near the centre of the source and its value is only ~ 20% greater with the present resolution than with the previous FIRST map -a sure indication that the overall structure is relatively smooth in this region. The high brightness and the flattish spectrum make G328.4 +0.2 a prime candidate for studies of linear polarization at high frequencies.
Conclusion
Simplistic generalization on such a disparate collection of sources would be inappropriate at this stage of our study. However, it is fairly obvious from the images shown here that there is an abundance of very interesting structure appearing at resolutions of about 10 beamwidths per source diameter. The distinction between two types of remnant, shell and filled, still appears useful, but there are doubts as to whether the observations can support a third distinct class, much less a fourth class. Three phenomena which warrant further detailed study are: (i) the bilateral symmetry, such as is seen in G296.5 + 10.0, (ii) the existence of jets, as exemplified by https://doi.org/10.1017/S1323358000026734 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 20 Sep 2019 at 19:37:57, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
